Light Dark Matter and the Electroweak Phase Transition in the NMSSM by Carena, Marcela et al.
ANL-HEP-PR-11-58
EFI-11-26
FERMILAB-PUB-11-477-T
Light Dark Matter and the Electroweak Phase
Transition in the NMSSM
Marcela Carenaa,b,
Nausheen R. Shaha, and Carlos E. M. Wagnerb,c,d
a Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, IL 60510, USA∗
b Enrico Fermi Institute and c Kavli Institute for Cosmological Physics,
University of Chicago, Chicago, IL 60637, USA
d HEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA
October 29, 2018
Abstract
We analyze the stability of the vacuum and the electroweak phase transition in
the NMSSM close to the Peccei-Quinn symmetry limit. This limit contains light
Dark Matter (DM) particles with a mass significantly smaller than the weak scale
and also light CP-even and CP-odd Higgs bosons. Such light particles lead to a
consistent relic density and facilitate a large spin-independent direct DM detection
cross section, that may accommodate the recently reported signatures at the DAMA
and CoGeNT experiments. Studying the one-loop effective potential at finite tem-
perature, we show that when the lightest CP-even Higgs mass is of the order of a
few GeV, the electroweak phase transition tends to become first order and strong.
The inverse relationship between the direct-detection cross-section and the light-
est CP-even Higgs mass implies that a cross-section of the order of 10−41 cm2 is
correlated with a strong first order phase transition.
∗http://theory.fnal.gov
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1 Introduction
The Standard Model (SM) agrees remarkably well with all the experimental observables
measured presently. However, the experimental tests of the SM have so far been limited to
the gauge sector. Far less is known about the Higgs sector responsible for the generation of
masses of all SM particles. The smallness of the electroweak symmetry breaking (EWSB)
scale compared to the Planck scale suggests new physics at the weak scale. Among the
different possibilities that have been studied in the literature, supersymmetry (SUSY)
is one of the most compelling ones [1]. In a supersymmetric framework the stability of
the Higgs mass parameter under quantum corrections can be ensured. In minimal ex-
tensions, the SM-like Higgs is naturally light [2]–[5], and the corrections to electroweak
precision and flavor observables tend to be small, leading to good agreement with ob-
servations. Additionally, low energy supersymmetry leads to the unification of couplings
at large energies and provides a natural DM candidate, namely the lightest neutralino.
Moreover, supersymmetric extensions also allows the implementation of the mechanism of
electroweak baryogenesis for the generation of the matter-antimatter asymmetry [6]–[9].
The Next-to-Minimal Supersymmetric extension of the Standard Model (NMSSM) [10]
preserves all of the above properties, while additionally containing a richer Higgs and
neutralino spectrum. This may have an important impact on low energy observables. In
particular, if the lighter neutralinos and neutral Higgs bosons are mainly singlets, they
would be predominantly produced in association with heavier Higgs bosons or from the
cascade decay of other supersymmetric particles, and therefore can easily avoid current
experimental constraints.
Recently the DAMA, CoGeNT and CRESST experiments [11, 12, 13, 14, 15, 16] have
claimed signatures that may be consistent with light DM particles with a mass of about
10 GeV and cross sections of about a few times 10−41 cm2. If this particle is identified
with a light neutralino, the large cross section necessary to achieve compatibility with
these experiments in the MSSM can only be obtained in the very large tan β limit and
relatively light CP-odd Higgs mass, mA. However, this region of parameters is severely
constrained by non-standard Higgs searches and flavor physics experiments, and is there-
fore disfavored [17]–[22].
The NMSSM also provides the possibility of a light neutralino. However, unlike the
MSSM case, this neutralino is mostly singlino-like, with a direct dark matter detection
cross section mediated predominantly via the lightest CP-even scalar, which is mainly re-
lated to the real component of the additional singlet. The proper relic density may also be
obtained, with the annihilation of the neutralino dominated by either the light CP-even or
the CP-odd Higgs boson, the later also having a large singlet component. In the NMSSM,
the light spectrum necessary to explain the above DM is highly constrained in generic
regions of parameter space [20]–[22], but can be obtained in the near Peccei-Quinn (PQ)
symmetry limit [23]–[24]. Masses of the lightest CP-even Higgs boson of about a few GeV
lead to a large spin independent direct dark matter detection cross section, σSI , while the
proper relic density may be obtained via close to resonant annihilation mediated by the
CP-odd Higgs. The model was shown to be consistent with all experimental constraints,
and provides a new paradigm for the study of the NMSSM phenomenology [24].
With these considerations in mind, it becomes important to understand if the mech-
anism of electroweak baryogenesis may be accommodated within this framework. In this
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work, we do not analyze the CP-violating sources [25]–[35],[36], instead, we concentrate
on the conditions necessary for the preservation of the baryon asymmetry, associated with
a strong first order phase transition [6]. Previous works have shown that large values of
the trilinear Higgs coupling in the NMSSM tend to induce a strong phase transition [37]–
[44]. However, for sufficiently low values of the singlet mass parameter, instabilities in
the effective potential seem to occur that tend to prevent the successful realization of this
scenario [41].
In this article, we show that near the PQ-symmetry limit of the NMSSM, a global
physical minimum may naturally be found for either relatively heavy or light singlets.
Moreover, in the light singlet case, one obtains a small lightest CP-even Higgs mass which
leads to a strong first order phase transition, providing a correlation between large dark
matter direct detection cross section and a strong first order phase transition. Light SM-
like CP-even Higgs bosons, are helpful in strengthening the first order phase transition
and in avoiding possible instabilities.
The article is organized as follows: In section 2 we discuss the properties of the NMSSM
near the PQ symmetry limit. In section 3 we look at the EWSB vacuum and the elec-
troweak phase transition necessary for baryogenesis. We further study the EWSB and
the phase transition in a Simplified Model and demonstrate that a range of small soft
supersymmetry breaking masses for the singlet field leads to both EWSB and a suffi-
ciently strong first order phase transition to the physical vacuum, preserving the baryon
asymmetry. In section 4 we present a numerical study of the full model. In section 5 we
discuss the phenomenological consequences. We reserve section 6 for our conclusions.
2 The near Peccei-Quinn symmetry limit of the NMSSM
We concentrate on the standard NMSSM framework, with a Higgs super-potential
W = λSHuHd +
1
3
κS3. (2.1)
The neutral Higgs low-energy effective potential contains the following dominant compo-
nents
VH = m
2
Hu|Hu|2 +m2Hd |Hd|2 + λ2|HuHd|2 +
(g21 + g
2
2)
8
(
H2u −H2d
)2
. (2.2)
The singlet dependent scalar potential terms are given by
VS = m
2
s|S|2 + λ2|S|2
(|Hu|2 + |Hd|2)+ κ2|S|4
+
(
κλS2H∗uH
∗
d − λAλHuHdS +
1
3
κAκS
3 + h.c
)
. (2.3)
Here Hd, Hu and S denote the neutral Higgs bosons corresponding to Hd, Hu and S
respectively. Following reference [24], we concentrate on the near PQ symmetry limit of
this model, namely κ λ . 0.2. For κ = 0, the PQ symmetry is realized.
A small κ denotes an explicit breaking of the PQ symmetry, otherwise spontaneously
broken by the presence of a singlet vacuum expectation value (vev), 〈S〉 = S0 ' µ/λ.
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Hence the CP-odd scalar, a1, behaves as a pseudo Goldstone boson, which consequently
acquires a small mass
m2a1 ' −3
κ
λ
Aκµ . (2.4)
The phenomenology of a light a1 has been thoroughly studied in the R-symmetry limit [45,
46].
A light neutralino also appears in this region of parameters making a clear distinction
with the scenario studied previously in Refs. [45, 46]. The lightest neutralino is mainly
singlino, with a mass given by
mχ1 ' λ2
v2
µ
sin 2β + 2
κ
λ
µ, (2.5)
where v = 174 GeV and tan β ≡ 〈Hu〉/〈Hd〉. As was pointed out in Ref. [24], for λ . 0.2,
tan β ∼ 10, µ ∼ few hundred GeV and κ/λ on the order of a few percent, mχ1 is of order
10 GeV.
Another important effect is associated with the heavy non-standard Higgs bosons in
this scenario. For moderate values of tan β, the minimization of the effective potential
determines that, near the PQ symmetry limit
m2Hd ' A2λ , (2.6)
Aλ ' µ tan β . (2.7)
Since µ is of the order of a few hundred GeV, this creates a large hierarchical separation
amongst the heaviest CP-even, CP-odd and charged Higgs bosons (which acquire masses
of order of a few TeV for tan β of order 10), the second lightest CP-even Higgs (with
mass close to 120 GeV), and the lightest CP-even and CP-odd Higgs bosons (with masses
about 10 GeV).
2.1 Loop Corrections
Loop corrections are very important in defining the CP-even spectrum. At large values
of tan β, they lift the mass of the second lightest CP-even Higgs (which has SM-like
properties) above mZ , an effect that has a logarithmic dependence on the third generation
squark spectrum. Specifically looking at the corrections induced to the SM-like Higgs
quartic coupling:
∆VH4 '
{
∆λ˜t˜
2
− 3
16pi2
m4t
v4u
[
log
(
H2u
v2u
)
− 3
2
]}
H4u , (2.8)
∆λ˜t˜ =
3m4t
8pi2v4
[
log
(
m2
t˜
m2t
)
+
A2t
m2
t˜
(
1− A
2
t
12m2
t˜
)]
, (2.9)
where mt˜ is the characteristic mass of the scalar partners of the top-quark, At is the stop
mixing parameter and mt = ytvu is the running top-quark mass at the weak scale. ∆λ˜t˜,
comes from the stop one-loop induced corrections, and the second term in ∆VH4 comes
from the top induced corrections in the DR scheme. We have assumed that the stop
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supersymmetry breaking masses are larger than the weak scale, so the stop induced field
dependent logarithmic term is suppressed. This leads to just an effective correction to
the Hu quartic coupling, which depends logarithmically on the stop mass scale.
Hence, the loop-corrected mass of the second lightest (SM-like) Higgs boson, mh2 , for
moderate or large values of tan β (vu ' v), is given by [2]–[4]
m2h2 ' m2Z + 3
m4t
4pi2v2
[
log
(
m2
t˜
m2t
)
+
A2t
m2
t˜
(
1− A
2
t
12m2
t˜
)]
, (2.10)
where the first term is the tree-level contribution and the second term proceeds from the
stop loop corrections (2∆λ˜t˜v
2). The corrections induced by the mixing with the singlet
sector become negligible in the region of parameters under study. In our numerical work,
we will also always include the one-loop corrections induced by the gauge sector, which,
however, lead to very small corrections to the Higgs mass parameters.
In the effective S-scalar potential, the large masses of the non-standard Higgs bosons
induce a large correction. In particular, the S-quartic coupling dependent component of
the potential at the weak scale acquires a contribution which is approximately given by
∆VS4 ' λ
4
16pi2
S4
(
1 +
A2λ
m2Hd
)2
log
(
m2Hd
m2t
)
− λ
4
8pi2
S4
[
log
(
λ2S2
m2t
)
− 3
2
]
. (2.11)
This implies that in the PQ-limit, the dominant contribution to the S-quartic coupling
may come from loop-corrections, rather than from tree-level contributions. This prop-
erty has important consequences for the CP-even Higgs spectrum. Defining the small
parameter,
ε ≡ λµ
mh2
(
Aλ
µ tan β
− 1
)
∼ O(10−2) , (2.12)
it is easy to show that the lightest CP-even scalar acquires a mass
m2h1 ' −4v2ε2 +
4v2λ2
tan2 β
+
κ
λ
Aκµ+ 4
κ2
λ2
µ2 +
λ2µ2
2pi2
log
(
µ2
m2t
tan4 β
)
, (2.13)
where the last term proceeds from the one-loop corrections.
3 Vacuum Stability and Phase Transition
3.1 Zero Temperature Properties
The vacuum at T = 0 needs to be analyzed to see whether this model gives rise to a
realistic EWSB scenario. Hence we need to study the structure of the effective potential
given in Eqs. (2.3) and (2.2) including all relevant one-loop effects:
V = VS + VH . (3.14)
The properties of the NMSSM that we are interested in are controlled by the param-
eter set: {λ,Aλ, κ, Aκ, tan β,∆λ˜t˜}, and the soft masses: {m2s,m2Hd ,m2Hu}. The physical
requirement of the EWSB extremum to be at v =
√|〈Hu〉|2 + |〈Hd〉|2 ' 174 GeV forces
4
m2Hu and m
2
Hd
to very specific values for each point in the parameter set. The further re-
quirement that the EWSB extremum must be a minimum and in fact the global minimum,
constrains m2s to be within a well defined range.
Assuming no spontaneous breakdown of the CP symmetry, the simplest way of ensur-
ing that the EWSB extremum is indeed a minimum is to look at the Hessian of the effective
potential, namely the CP-even Higgs mass matrix, ensuring that all the eigenvalues are
positive,
M ijH =
1
2
∂2V
∂xi∂xj
, (3.15)
where xi represent the real components of the scalar potential and the second derivative
must be evaluated at the corresponding extreme values.
We demand that the physical vacuum be associated with the global minimum and
compute physical masses from the eigenvalues of the mass matrix, always using the one-
loop effective potential. Since all couplings affecting the singlet sector are weak, we do
not expect two loop corrections to modify the lightest CP-even and CP-odd Higgs masses
in a relevant way. The SM-like Higgs mass, which depends on the third generation squark
spectrum at the one-loop level, as shown in Eq. (2.10), is moderately modified by two-
loop corrections induced by QCD and third generation Yukawa couplings [2]–[5]. These
corrections amount effectively to a modification of the effective ∆λ˜t˜ coupling, which we
shall fix in order to acquire h2 masses below 130 GeV, corresponding to the maximum
value that may be achieved for a third generation squark spectrum of order 1 TeV. We
reserve the detailed study of higher-loop effects at zero and finite temperature to a future
investigation.
3.2 Electroweak Phase Transition at Finite Temperature
The realization of the mechanism of electroweak baryogenesis, needed to generate the
matter-antimatter asymmetry, demands the presence of a strong first order electroweak
phase transition. In order to determine if such a transition occurs in the NMSSM, we
need to study the temperature evolution of the potential.
The requirement of a strong first order phase transition is that φc > Tc, where Tc is the
temperature at which the potential at the non-trivial minimum is equal to the value at
the trivial minimum and φc is the projection of the Higgs vev in the direction of the Higgs
doublets [6] [7] at that temperature. If a one-step phase transition is required, the finite
temperature minimum, φc, evolving to the physical minimum (v = 174 GeV) at T = 0
should be the global minimum at the critical temperature, and should develop first as the
Universe cools down. If this is not the case, then we face the situation of a non-physical
metastable vacuum developing first, where the Universe may be trapped for long periods
of time, or a metastable physical vacuum. To analyze either of these situations, one would
have to study the tunneling rates between vacua. This is beyond the scope of this work,
and hence we will concentrate on regions of parameter space where a one step electroweak
phase transition is realized, and the physical vacuum is stable.
In general, the critical temperature, Tc, turns out to be a few tens of GeV, and in
order to compute the Higgs effective potential at finite temperature, the high temperature
expansion is not a priori justified. Therefore, we use the exact temperature dependent one-
loop contribution to the potential, which for a particle of mass m ≡ m(φ) at temperature
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T is proportional to [47]:
V (T,m,±1) = ∓ T
4
2pi2
∫ ∞
0
x2 log(1± e−
√
x2+m
2
T2 )dx, (3.16)
where ±1 in the argument of V stands for either fermions or bosons.
We include the one-loop finite temperature contribution associated with the top-quark,
the gauge bosons and the Higgsino fields, which provide the most important temperature
dependent corrections to the effective potential:
VT = 8V (T, λS,+1) + 12V (T,
mt
vu
Hu,+1) + 3V (T,
mZ
v
√
H2u +H
2
d ,−1)
+ 6V (T,
mW
v
√
H2u +H
2
d ,−1). (3.17)
Light Higgs bosons and neutralinos have relatively small couplings to the Higgs and
singlet fields and therefore their finite temperature contribution is small. Similarly, gaug-
inos give a very small contribution to the potential which we are neglecting in this work.
We are assuming that stops are heavy and therefore decouple from the plasma, leaving
only a contribution at zero temperature, which, as shown before, is responsible for raising
the SM-like Higgs mass above mZ .
3.3 Electroweak Phase Transition in a Simplified Model
In order to understand the properties of the electroweak phase transition in the NMSSM
close to the PQ symmetry limit, we first analyze a Simplified Model which, as we shall see,
carries all the important features associated with the case under study. Hence, we consider
the NMSSM potential in the PQ limit (κ = 0), taking into account only the dominant
temperature dependent one-loop corrections affecting the Higgs mass parameters, and the
trilinear terms induced by the gauge bosons.
The electroweak symmetry breaking and the phase transition properties are mostly
dependent on the minima of the potential, therefore we shall replace S by its extreme
value as a function of the Higgs boson fields:
S0 =
a˜φ2
(m2s + λ
2φ2)
. (3.18)
This leads to the expression [41]
V (φ,ms, T ) = m
2
φ(T )φ
2 − TEφ3 + 1
2
λ˜φ4 − a˜
2φ4
(ms2 + λ2φ2)
, (3.19)
where φ =
√|Hu|2 + |Hd|2 and a˜ = λAλ sin(β) cos(β). m2φ(T ) = m2φ(0) + cT 2, and c is
determined by the all weak scale particles that couple to the Higgs and contribute to
the finite temperature potential. In order to obtain a SM-like Higgs mass in the range
115–130 GeV, λ˜ ∼ 0.25 while the parameter E proceeds from weak gauge boson effects,
E ∼ 0.02 .
The mass, m2φ(T ), is the effective Higgs mass parameter including one loop finite
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temperature corrections, and the zero temperature component, m2φ(0), may be extracted
from the condition of a vanishing first derivative of the Higgs potential at φ = v and
T = 0. The first derivative of the Higgs potential is given by
φ2
∂V
∂φ2
= m2φ(T )φ
2 − 3
2
TEφ3 + λ˜φ4 − a˜
2φ4 (2ms
2 + λ2φ2)
(ms2 + λ2φ2) 2
. (3.20)
The vanishing of Eq. (3.20), does not ensure that the zero temperature vacuum is a
global minimum. For that to happen, one should ensure that the value of the potential
at the electroweak-symmetry breaking minimum is at least deeper than the trivial one,
namely
V (φ = v,ms, T = 0) = − λ˜v
4
2
+
a˜2m2sv
4
(m2s + λ
2v2)2
< 0
=⇒ λ˜− 2 a˜
2 m2s
(m2s + λ
2v2)2
> 0 (3.21)
The above inequality gives a quadratic in m2s, which is fulfilled for negative values
of this mass parameter, while for positive values of m2s, solutions are obtained when
ms ≡
√
m2s is in the range
ms

> a˜√
2λ˜
(
1 +
√
1− 2λ˜
a˜2
λ2v2
)
< a˜√
2λ˜
(
1−
√
1− 2λ˜
a˜2
λ2v2
) . (3.22)
The critical temperature, Tc, is defined as the one for which the value of the potential
at the non-trivial minimum, φc 6= 0, is degenerate with the one at φ = 0:
∂V (φ,ms, Tc)
∂φ
∣∣∣∣∣
φ=φc
= 0 , V (0,ms, Tc) = V (φc,ms, Tc) . (3.23)
The phase transition strength, which is determined by the ratio of φc/Tc, can be obtained
by setting both Eqs. (3.19) and (3.20) to zero
ETcφ
3
c − λ˜φ4c +
2 a˜2m2sφ
4
c
(m2s + λ
2φ2c)
2 = 0. (3.24)
To ensure a strong phase transition as required for electroweak baryogenesis, one should
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Figure 1: F (m2s) plotted as a function of m
2
s with φc = 140 GeV, for Parameter Set 1 in Table I. We
see that it is only possible to have a strong first-order phase transition (F (m2s) > 0) for two
regions of m2s. The solution for small m
2
s is shown in more detail in the right plot (b).
demand φc/Tc > 1. Hence, a strong first order phase transition is realized if:
φc
Tc
=
E
λ˜− 2 a˜2m2s
(m2s+λ
2φ2c)
2
> 1 (3.25)
=⇒ F (m2s) ≡
1
λ˜− 2 a˜2m2s
(m2s+λ
2φ2c)
2
− 1
E
> 0 . (3.26)
Note the explicit dependence on φc. The values of φc and Tc may be obtained by using
Eq. (3.24) and the temperature dependence of m2φ(T ), namely
c T 2c = G(v)−G(φc) +
3φ2c
2
(
λ˜− 2a˜
2m2s
(m2s + λ
2φ2c)
2
)
, (3.27)
with
G(φ) =
[
λ˜− a˜
2 (2m2s + λ
2φ2)
(m2s + λ
2φ2)2
]
φ2 . (3.28)
Instead of solving the system, however, we shall concentrate on Eq. (3.26), since it
leads to valuable insight into the range of parameters leading to a strong first order phase
transition. Similarly to Eq. (3.21), Eq. (3.26) leads to a quadratic condition on m2s:
(λ˜− E)− 2 a˜
2 m2s
(m2s + λ
2φ2c)
2 < 0 , (3.29)
with solutions shifted from those for EWSB, Eq. (3.22), by λ˜→ (λ˜−E) and v → φc and
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Figure 2: Values of φc/Tc as a function of m2s for Parameter Set 1 in Table I.
with the inequalities reversed:
ms

< a˜√
2(λ˜−E)
(
1 +
√
1− 2 (λ˜−E)
a˜2
λ2φ2c
)
> a˜√
2(λ˜−E)
(
1−
√
1− 2 (λ˜−E)
a˜2
λ2φ2c
) . (3.30)
However, note that we also need to impose that the denominator in Eq. (3.25) is positive,
as we have implicitly assumed to derive Eq. (3.30). This adds the additional constraint:
λ˜− 2 a˜
2 m2s
(m2s + λ
2φ2c)
2 > 0 . (3.31)
Generally φc tends to be smaller than v, hence, the above condition gives a stronger
constraint than that given by EWSB from Eq. (3.21) for φc < v. Hence, in this Simplified
Model, we see that the only allowed values for small ms are given in the range:
a˜√
2(λ˜− E)
1−
√
1− 2(λ˜− E)
a˜2
λ2φ2c
 < ms < a˜√
2λ˜
1−
√
1− 2λ˜
a˜2
λ2φ2c
 .
(3.32)
This behavior is clarified if one looks at the behavior of F (m2s) for a fixed set of
parameters as plotted in Fig. 1. The region enclosed by the two roots in Eq. (3.30)
should be the region in Fig. 1 where F (m2s) > 0, however, one clearly sees the two poles
corresponding to the zeros of the function given in Eq. (3.31), between which the function
again becomes negative and hence violates the required condition. The region of large m2s
corresponds to relatively large values of the singlet mass, which were studied in Ref. [41]
and are not consistent with a very light DM particle. The right-hand side of Fig. 1 shows
the region near the pole and the root corresponding to the region of small m2s. We clearly
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see that for each value of φc there is only a narrow region of ms that satisfies both the
inequalities given in Eqs. (3.30) and (3.31) and hence is enclosed by the range given in
Eq. (3.32).
The bound on ms derived above has a dependence on φc. Since φc is not independent
of ms, what is generally obtained is a band of values of ms for which the condition of a
strong first order phase transition is satisfied. In Fig. 2 we present the values of φc/Tc
as a funciton of m2s obtained by solving the system of equations, Eqs. (3.24), (3.27), for
the same set of parameters as in Fig. 1. As the phase transition becomes stronger, the
value of φc increases towards v and the upper bound on m
2
s, Eq. (3.32), moves upwards.
As we shall demonstrate in the next section, a similar upper bound to the one appearing
in Eq. (3.32) also appears in the full theory, once the one-loop correction as well as the
small κ induced contributions are taken into account. The behavior of φc/Tc in the full
theory is also similar to the one depicted in Fig. 2. Finally, the values of φc/Tc turn
out to be rather insensitive to the precise value of E. A change of E from 0.01 to 0.04
results in a less than ten percent change in φc/Tc, and hence, contrary to the SM case,
the Debye screening of the gauge boson longitudinal modes has very little effect on the
phase transition strength.
For the small m2s region, S0, Eq. (3.18) (and hence mh1 , Eq. (2.13)), decreases for
increasing values of m2s. As can be observed in Fig. (2), in this region larger values of
m2s are associated with larger values of φc/Tc. Hence, we conclude a stronger first order
phase transition is achieved for smaller values of mh1 . Finally, let us stress that since
generically φc <∼ v, large values of φc/Tc  1, as the ones achieved for the largest values of
m2s in Fig. 2, may only be obtained for relatively small values of the critical temperature,
of order of a few tens of GeV. We shall return to this question in the next section.
4 Numerical Analysis
In our numerical study, we first performed scarce scans over parameters somewhat beyond
the near PQ symmetry limit, going up to values of λ ' 0.5, κ ' 0.01, λAλ ' 500 GeV
and κAκ ' −0.1 GeV. We selected regions of parameter space for which an electroweak
symmetry breaking minimum, φ = v, with moderate values of tan β, develops at zero
temperature. This corresponds to finding a range of m2s for a given set of parameters where
all the eigenvalues of the Higgs mass matrix are positive. We then study the temperature
evolution of the associated potential. If the phase transition is first order, we determine
the critical temperature. In general, the values of tan β at the minimum at T = Tc are
slightly different from the ones at zero temperature. Regions where we found a strong first-
order phase transition at finite temperature (Tc < φc), with a global minimum coinciding
with the zero temperature physical minimum, will be referred to as “Baryogenesis”, since
these are the only regions of parameters where the baryon asymmetry may be preserved.
We performed several scans, which were sufficient to identify regions of interest where
10
Table I: Examples of parameter sets of values found where a first order phase transition with Tc < φc
takes place. We have fixed the stop spectrum appropriately so that it leads to mh2 '115–
120 GeV.
tan β λ λAλ κ κAκ
Set 1 13 0.10375 250 0.006875 -0.06
Set 2 13 0.10375 250 0.006875 -0.08
Set 3 13 0.10375 350 0.001250 -0.06
Set 4 13 0.10375 350 0.001250 -0.08
Set 5 18 0.10375 350 0.006875 -0.06
Set 6 18 0.10375 350 0.006875 -0.08
Set 7 18 0.10375 450 0.001250 -0.06
Set 8 18 0.10375 450 0.001250 -0.08
a strong first order phase transition takes place:
λ ' 0.100 to 0.130,
κ ' 0.001, to 0.005,
κAκ ' −0.1 to − 0.05,
λAλ ' 250 to 450 GeV,
tan β ' 10 to 20,
mh2 ' 100 to 130 GeV. (4.33)
Observe that we consider values of mh2 smaller than the SM Higgs LEP bound, since,
as we shall discuss in the next section, these values may be allowed in this model due to
the possibility of non-standard decay modes. On the other hand, we only consider mh2 ∼>
100 GeV, since lower values would require lighter stop masses which may be in tension
with direct experimental search for these particles, as well as with precision electroweak
constraints. As emphasized before, in the region of parameters we consider, the stops are
heavy enough to decouple from the plasma at the phase transition temperature.
Table I lists some examples of parameters for baryogenesis found in one of our initial
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Table II: Parameter sets of values found where the potential undergoes a strong first order phase
transition with Tc < φc. We implicitly vary the stop spectrum so that mh2 is scanned over
100 - 130 GeV. We were also able to generate reasonable values for the dark matter density
and the spin-independent direct DM detection cross-section.
tan β λ λAλ κ κAκ
Set a 13 0.125 375 0.0021 -0.055
Set b 13 0.105 350 0.0023 -0.080
sparse scans, where we found solutions only for relatively small values of λ . We show this
example for fixed values of λ since it allows a better comparison with the Simplified Model.
The corresponding relevant masses are presented by red crosses in Fig. 3. The green dots
in this figure represent solutions obtained for EWSB that did not lead to baryogenesis.
Note that Baryogenesis is only achieved for values of the lightest CP-even Higgs mass
below 10 GeV, the CP-odd Higgs mass below 25 GeV and the neutralino mass below 20
GeV.
Performing a more thorough scan around the points in the “Baryogenesis” regions,
Eq. (4.33) we were able to find points where the relic density acquires acceptable values.
Table II lists two of the parameter sets, a and b, for which we were able to find regions
consistent with the observed dark matter density. Most of our detailed analysis will be
focused on these parameter sets. The stop spectrum was varied such that mh2 takes
values in the 100–130 GeV range. The lightest CP-odd Higgs mass remains below 20
GeV, Eq (2.4), and the neutralino mass consistent with the proper relic density tends to
be below 10 GeV, Eq. (2.5).
The masses of the two CP-even Higgs, mh1 and mh2 , corresponding to these parameter
sets are shown in Fig. 4. As can be explicitly seen in these figures, the solutions with
the lowest values of mh1 are associated with the lowest values of mh2 . In particular for a
given small value of mh1 , solutions compatible with EWSB require relatively small values
of mh2 . The reason for this behavior is that otherwise new minima develop making the
electroweak symmetry breaking vacuum metastable. As mentioned before, these addi-
tional minima tend to be associated with very small values of S0 and Hd. The situation is
somewhat complex due to the many parameters involved, however, we can get a qualita-
11
16
21
m
h 1
(G
eV
)
EWSB
Baryogenesis
1
6
112 114 116 118 120 122 124 126 128
m
mh2 (GeV)
9
13
17
m
h 1
(G
eV
)
EWSB
Baryogenesis
1
5
100 105 110 115 120 125
mh2 (GeV)
Figure 4: mh2 vs. mh1 for both EWSB (Green dots) and Baryogenesis (Red crosses) for Parameter
Set a (left) and b (right).
12
10
20
30
40
50
m
s2
(G
eV
2 )
ar
yo
ge
ne
si
s
Parameter Set 1
Parameter Set 2
Parameter Set 3
‐20
‐10
0
0 10 20 30 40 50
m Ba
ms	Max2 (GeV2)
Parameter Set 4
Parameter Set 5
Parameter Set 6
Parameter Set 7
Parameter Set 8
Figure 5: Parametric plot of m2s range for set of parameters given in Table I and the maximum allowed
value approximated in the PQ-limit given in Eq. (3.32). ∆λ˜t˜ was fixed such that mh2 is in
the range 115–120 GeV.
tive understanding of it by looking at the effective Higgs doublet mass parameter, given
by
m2φ ' m2Hu sin2 β +m2Hd cos2 β. (4.34)
Since m2Hd is very large, Eq. (2.6), m
2
Hu
is smaller than m2φ. The EWSB physical minimum,
with the required values of tan β, is deeper than the one with S = Hd = 0, due to the
effects induced by the trilinear Higgs coupling through relatively large values of S0 as can
be seen from the Simplified Model, Eqs. (3.18) and (3.19). As m2s increases, the value of
S0 becomes smaller and for the same value of m
2
Hu
, the potential at the physical minimum
takes higher values, eventually higher than the ones at S0 = Hd = 0. Hence, if we wanted
to keep the physical minimum deeper as we raise m2s one would need to raise the value
of m2Hu . Since smaller values of mh1 are associated with smaller values of S0, and smaller
values of mh2 are associated with larger (or less negative) values of m
2
Hu
, the stability
condition is more likely to be fulfilled if mh2 is pushed to lower values for small values of
mh1 .
Note also that parameter set a allows for solutions where the mass of the lightest
CP-even Higgs, h1, can be very small, of order 1 GeV and the SM-like Higgs mass, mh2 , is
above the LEP SM-Higgs mass limit. These solutions are very interesting since such small
values of mh1 are associated with large values of the spin-independent direct dark matter
detection cross section [24], as the ones necessary to explain the intriguing signatures at
the DAMA, CoGeNT and CRESST experiments.
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4.1 Comparison with the Simplified Model
In general we observe that a strong first order phase transition may only be obtained
for a small range (band) of m2s which depends on the parameters of the model. It is
not possible in the full model to write an analytical form for the range as was done in
Eq. (3.32). However, we would like to understand whether our insights from the Simplified
Model are valid in the full model.
To aid us in understanding the behavior of the potential, we compare the values of
m2s found for baryogenesis in the full numerical simulation with the upper limit given in
Eq. (3.32) for the Simplified Model. Note that we could have compared either of the
limits, since the range of m2s for a given set of parameters and of φc is only a few GeV.
If the Simplified Model really encodes the m2s dependence of the phase transition, one
expects to see some correlation between what was found numerically and what we derived
analytically.
This comparison is shown in Fig. 5 for the parameters listed in Table I, where we
present a parametric plot of m2s, obtained when a first order phase transition to the
physical vacuum is realized, and the upper bound derived in Eq. (3.32). The solutions
present a clear linear correlation between the two variables. Note that the different lines
appearing in Figs. 5 coincide for parameter sets which have the same value of κ and κAκ
(for the same λ), which are the parameters which govern the contributions not included
in the Simplified Model. A similar correlation is observed in Fig. 6, where we now plot
the solutions and the bound corresponding to parameter given in Table II.
Larger values of κ lead to smaller values of m2s, while larger negative values of κAκ lead
to larger values of m2s, consistent with the perturbations that these parameters perform
in the S-dependent potential. Therefore, since the perturbations induced by κ and the
loop corrections are small, we see that consistent solutions, with a strong first order phase
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mh2 varys in the range 115–130 GeV for Set a and 100-130 GeV for Set b, increasing from
bottom to top in intervals of about 1.5 GeV.
transition and no additional global minima at zero and finite temperature tend to be
obtained close to the upper bound on m2s derived for the Simplified Model. The values of
φc/Tc obtained in the full model are also in close correspondence with the ones derived in
the Simplified Model, for the associated values of m2s shown in Fig. 5.
4.2 Phase Transition Strength and the CP-Even Higgs Spectrum
We analyze the dependence of the phase transition strength on the lightest and second
lightest CP-Even Higgs masses. As we discussed before and exemplified in the Simplified
Model, EWSB and baryogenesis maybe achieved in two ranges of the singlet soft susy
breaking parameter, m2s. We concentrate on the small m
2
s region which opens up EWSB
and baroyogenesis solutions for values of the lightest CP-even Higgs mass less than about
10 GeV (see Fig. 3).
Fig. 7 shows the dependence of φc/Tc on m
2
s, for both sets a (blue dots) and b (red
triangles), consistent with a strong first order phase transition. We scan the parameter
∆λ˜t˜, so that mh2 varies in the range 100–130 GeV, and the interpolating lines join points
with the same values of mh2 . As shown in Figs. 5 and 6, the behavior in the full model
is similar to the one in the Simplified Model. For a given mh2 , the values of m
2
s vary in a
relatively small range. As the value of φc/Tc increases, the critical temperature decreases
smoothly, and m2s approaches an upper bound showing a behavior similar to what would
be expected in the Simplified Model as can be seen in Fig. 2.
As stressed before, larger values of m2s correspond to smaller values of S0, which in
turn lead to smaller values of mh1 , Eq. (2.13), in the region of parameters under study.
Fig. 8 shows the dependence of mh1 on m
2
s for sets a (blue dots) and b (red triangles) and
the interpolated lines are associated with fixed values of mh2 as in Fig. 7. As anticipated,
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right) for Set a and from 100 GeV to 130 GeV (bottom left to top right) for Set b.
for fixed values of mh2 , Fig. 8 shows the inverse correlation between mh1 and m
2
s.
Fig. 9 shows the dependence of φc/Tc on the lightest CP-even Higgs mass, showing
that indeed the lighter the CP-even Higgs boson is, the stronger the phase transition
becomes, leading to very interesting phenomenological properties, which we shall discuss
in more detail in the next section. From Figs.9 and 8 we see that for the same value of
mh1 , the phase transition becomes stronger for larger values of mh2 , which are associated
with larger values of m2s.
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Figure 9: Same as Fig. 7, but for the values of φc/Tc as a function of mh1 .
16
T = 0
T = 21
T = 25
T = 31
0 50 100 150 200 250 300
-2´106
-1´106
0
1´106
2´106
3´106
4´106
Φ
V
HΦ
L
Figure 10: Potential showing strong first-order phase transition at Tc and electroweak symmetry break-
ing at T = 0 for Parameter Set a given in Table II with mh2 ∼ 115 GeV, and mh1 ∼ 1.8
GeV. The potential is shown along the minimal energy barrier path, as explained in the
text. Temperatures are given in GeV.
4.3 Transition Temperature
The tunneling probability per unit time and unit volume from the false (symmetric) to
the real (broken) minimum in a thermal bath is given by [48]
Γ
ν
∼ A(T ) exp
[
−S3(T )
T
]
, (4.35)
where the prefactor is A(T ) ' T 4 and S3 is the three-dimensional effective action. At
high temperature the euclidean action simplifies to:
S3 = 4pi
∫ ∞
0
r2dr
[
1
2
(
dφ
dr
)2
+ V (φ, T )
]
(4.36)
where r2 = ~x2. The euclidean equations of motion yield
d2φ
dr2
+
2
r
dφ
dr
= V ′(φ, T ) , (4.37)
for the bounce solution, with boundary conditions limr→∞ φ(r) = 0 and dφ/dr|r=0 = 0.
The nucleation temperature T n is defined as the temperature at which the probability
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for a bubble to be nucleated inside a horizon volume is of order one. Below T n the
transition continues until a temperature T t when the fraction of the causal horizon in the
broken phase is of order one [49, 50].
In Fig. 10 we plot the effective potential for φ for parameter set a with mh1 ' 1.8 GeV
and mh2 ' 115 GeV for a series of different temperatures from zero to the critical tem-
perature. We chose this as an example since as we will show in the next section, such
low values of mh1 are correlated with large spin-independent direct DM detection cross-
sections, as the ones suggested by the CoGeNT and DAMA experiments. Additionally,
as shown in Fig. 9, large values of φc/Tc correspond to the smallest values of mh1 . The
non-trivial minimum, φ0(T ), of the potential is always less than or equal to v and hence
small values of mh1 , for which there is a strong first order phase transition, are associated
with relatively small values of Tc.
The potential in Fig. 10 is plotted along the minimal energy barrier path between
the trivial and nontrivial minima of φ: For each value of φ we found the values of S
and tan β that minimize the potential. This defines a smooth path along Hu, Hd and
S that connects both minima. It is important to stress that the barrier between both
minima slowly disappears as T goes below Tc. The nucleation temperature is always a
few GeV below the critical temperature. Note that the potential is normalized such that
V (Hu = 0, Hd = 0, S = 0) = 0.
For transition temperatures of the order of the weak scale, nucleation occurs when
S3(T
n)/T n ∼ 135 continuing until S3(T t)/T t ∼ 110 [49, 50]. Hence, even though for
our particular example the critical temperature is about 31 GeV, the transition does not
end until T t ' 21 GeV (the nucleation temperature is about 22 GeV). As this examples
shows, for small values of mh1 , the phase transition strength, parameterized by φ0(T
t)/T t
(or φ0(T
n)/T n), may be even larger than what the value of φc/Tc indicates. Such strong
phase transitions make the possible effect of magnetic fields on the sphaleron energy (and
hence on the final baryon asymmetry) [51] much less relevant than in the MSSM.
For values of mh1 larger than the one considered above, the first order phase transition
becomes weaker, and the difference between the critical temperature and the nucleation
temperature becomes smaller. Still, as can be seen in Fig. 9 even for values of mh1 as large
as 5 GeV, the values of φc/Tc >∼ 3 and the phase transition is strong enough to preserve the
baryon asymmetry, even after possible magnetic field effects. On the other hand, small
values of mh1 , leading to φc/Tc
>∼ 10, may lead to very small transition temperatures,
below the DM freeze out temperature or the nucleosynthesis temperature. In fact, for
small enough mh1 , there is a possibility of a large barrier even at zero temperature, giving
rise to the situation where there is no transition from the false vacuum. Hence, although
solutions with φc/Tc >∼ 10 may be found, we have not considered such a possibility.
5 Phenomenological Consequences
In general, the phenomenology of the region of parameters under study is very similar to
the one analyzed in Ref. [24]. The presence of light CP-even and CP-odd Higgs bosons
tend to be strongly constrained by the LEP experiment. In particular, the possible
associated production Z → A H has been studied in detail [52]. This production channel
demands A andH to have relevant weak couplings. Near the PQ symmetry limit, however,
18
the non-standard MSSM-like CP-even and CP-odd Higgs bosons become very heavy and
the light non-standard CP-even and CP-odd Higgs bosons, h1 and a1, are mostly singlet-
like, leading to a very strong suppression of this production cross section, and therefore to
weak bounds from this channel. In addition, the decays of the SM-like Higgs boson, h2,
to h1h1 and a1a1 pairs are generically suppressed [24]. Thus h1 and a1 are hidden from
four-fermion searches at both LEP [53] and the Tevatron [54] designed to test a light a1
scenario. This also implies that, unless other light particles appear in the spectrum, the
bounds on the SM-like Higgs boson mass are similar to the SM Higgs bounds. However,
as mentioned before, lower SM-like Higgs masses make it easier to find stable solutions
with small values of mh1 as shown in Fig. 4. Hence, in our work we also considered values
of mh2 below the LEP SM-Higgs limits that could be avoided if additional non-standard
decays were present.
In this model, additional decay modes of the SM-like Higgs boson may appear, for
instance, for low values of the bino mass. In such a case the SM-like Higgs boson may
decay in the following way [55]
h2 → χ2χ1 → h1χ1χ1 (ff¯ + Miss.Energy) , (5.38)
or, for sufficiently low values of mχ2 ,
h2 → χ2χ2 → h1h1χ1χ1 (2× ff¯ + Miss.Energy) . (5.39)
This leads to a decay into missing energy and somewhat soft jets or leptons, for which the
limits on the SM-like Higgs may be relaxed [56]. Specifically, bounds on the SM-like Higgs
mass coming from the search of Higgs bosons decaying into bottom quark pairs may be
lowered if the branching ratio of its decay into bottom quarks is about 20 % or smaller [57].
A specific analysis of LEP data for the decay channels described in Eqs. (5.38) and (5.39)
is not available, and should be performed to determine the viability of this region of
parameter space.
We used NMSSMTools [58] to verify our zero temperature results. For the same
parameter values we used, this program requires somewhat different value of µ (S0) due to
a slightly different treatment of the zero temperature radiative corrections to the effective
potential. For the same value of the mh1 mass, however, the rest of the spectrum was at
most 10% away from the values we obtained. We verified that the branching fraction into
bottom quarks may be lowered to ∼ 20% if, for example, the hypercharge gaugino mass is
of the order 40–50 GeV. Hence, values of mh2 ' 100 GeV become consistent with the LEP
bound on the H → bb¯ channel. Additionally, we checked that all other phenomenological
constraints were fulfilled, including all rare B-decay constraints. The only exception was
the relic density, which is very sensitive to the exact spectrum due to its dependence on
near-resonant annihilation, as we shall discuss in detail below.
It is worth mentioning that the non-standard decay channels can also occur for SM-like
Higgs masses larger than the LEP bound. Their main effect is to decrease the branching
ratio of the SM-like Higgs boson into standard model particles, including the decays into
photons, bottom quarks and W bosons, which constitute the main search channels for
a light SM-like Higgs at the LHC and the Tevatron. Therefore, the possibility of extra
decay modes will be tested at these colliders, as they also expand the Higgs searches to
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masses below the LEP bounds on the SM Higgs mass.
The spin independent direct dark matter detection cross section is approximately given
by [24]
σSI ≈
((
ε
0.04
)
+ 0.46
(
λ
0.1
) (
v
µ
))2 (yh1χ1χ1
0.003
)2
10−40cm2( mh1
1GeV
)4 , (5.40)
where the h1χ1χ1 coupling is yh1χ1χ1 ≈ −
√
2κ for a singlino-like χ1 and a singlet-like h1.
The Higgsino mass parameter µ is of the order 185 GeV for set a and 215 GeV for set b.
The spin independent direct dark matter detection cross section increases with the
fourth power of m−1h1 . Additionally, as we showed in the previous section, small values
of mh1 tend to be associated with a strong first order phase transition. These two ob-
servations lead us to note an interesting correlation between a large spin independent
direct detection dark matter cross section and a strong first order phase transition. This
is shown in Fig. 11.
As shown in the previous section, very small values of mh1 in sets a and b are obtained
for values of mh2 close to the LEP SM Higgs bound. For parameter set a, as shown
in Fig. 12, values of the spin independent direct dark matter detection cross section as
large as the ones consistent with potential DM signatures observed by CoGeNT and
DAMA [11, 12] may be obtained for values of mh2
<∼ 120 GeV. Instead, for the parameter
set b, as seen in Fig. 13, the direct detection cross section tends to be an order of magnitude
smaller than for Set a and only approaches values necessary to explain these signatures
when mh2 ∼ 100 GeV. For completeness in Fig. 14 we show the neturalino mass vs. the
spin independent cross-section for parameter sets a and b. In Figs. 12–mchi1sigab, we
denote with red crosses the points consistent with Baryogenesis and with green dots those
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that allow for EWSB but would not lead to the preservation of the baryon asymmetry at
the electroweak phase transition.
Regarding the Dark Matter relic density, in the region under study it is obtained by
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Figure 13: Values of mh2 vs. σSI(10
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(Red crosses) for Parameter Set b.
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close to resonance annihilation at finite temperature via a light CP-odd Higgs boson [24],
Ωh2 ≈
0.1
( ma1
15GeV
) ( Γa1
10−5GeV
) (
µ
v
)2 ( 0.003
ya1χ1χ1
)2 (
0.1
λ
)2
erfc
(
2mχ1
ma1
√
xf |1−m2a1/(4m2χ1)|
)
/erfc (2.2)
(5.41)
where xf = mχ1/Tf is the freeze-out point, Γa1 is the width of a1 and ya1χ1χ1 '
√
2κ.
Since at zero temperature the annihilation cross section is off-resonance (mχ1 ∼ 6.5 GeV
and ma1 ∼ 15.5 GeV for set a and mχ1 ∼ 9.5 GeV and ma1 ∼ 22 GeV for set b), at
current times it is much smaller than 10−36 cm2, and hence the bounds coming from the
modification of the antiproton and gamma ray fluxes [59] become very weak in this model.
Finally, Fig. 15 shows the correlation of the spin independent cross section with the
obtained Dark Matter relic density for both sets a and b. Observe that in the parameter
sets a and b the relic density is slightly above the measured value. We have not attempted
to tune these values, but given that the relic density is obtained from a resonant condition a
small variation of the parameters would adjust its value to the observed one. For instance,
a small increase of κ by less than one percent would be enough to bring the relic density
to agreement with observations, without modifying any other relevant phenomenological
property.
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6 Conclusions
In this article we have examined the electroweak phase transition in the NMSSM close
to the PQ symmetry limit. This model is characterized by a spectrum of light CP-even
and CP-odd Higgs particles, as well as a light neutralino. In general, h1 masses below
10 GeV, and light CP-odd Higgs bosons and neutralino masses below 25 GeV are obtained
in the region consistent with a strong first order phase transition. This leads to interesting
phenomenological consequences for collider and direct dark matter detection experiments.
Although the neutralinos are predominantly singlinos, an experimentally consistent
relic density may be obtained if the neutralinos annihilate resonantly via the interchange
of the light scalars. Additionally, the light CP-even scalars may lead to a large direct dark
matter detection cross section, consistent with the recent observations at the CoGeNT,
DAMA (and CRESST) experiments.
It is of interest to study if this model can also lead to the generation of the baryon
asymmetry at the electroweak scale. For this purpose, we studied the electroweak phase
transition properties. We found that the electroweak phase transition tends to be first
order and its strength is enhanced for small values of the lightest CP-even Higgs mass,
establishing a correlation between the strength of the first order phase transition and the
size of the direct dark matter detection cross section.
In our numerical study we found regions of parameter space where a strong first order
phase transition occurs yielding the proper relic density. The lightest neutralino mass is in
the 6–10 GeV range and the lightest Higgs mass, mh1 , is below a few GeV, thus enhancing
the cross section to values close to the ones required for an explanation of the CoGeNT
and DAMA experimental data. The mass of the SM-like Higgs boson, mh2 , is in the
low mass window compatible with LEP and Tevatron/LHC data. There are also regions
of space in which the SM-like Higgs mass is slightly below the LEP SM Higgs bound.
However, this bound may be avoided due to non-standard Higgs decays into neutralinos.
We expect that a more computationally intensive scan would slightly enlarge the LSP
mass window consistent with a strong first order phase transition and a large direct DM
detection cross-section.
Acknowledgements:
Fermilab is operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-
07CH11359 with the U.S. Department of Energy. Work at ANL is supported in part by
the U.S. Department of Energy (DOE), Div. of HEP, Contract DE-AC02-06CH11357.
This work was supported in part by the DOE under Task TeV of contract DE-FGO2-96-
ER40956. M. C. and C. W. would like to thank the Aspen Center for Physics, where part
of this work has been done.
References
[1] H. P. Nilles, Phys. Rept. 110, 1 (1984).
H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985).
23
S. P. Martin, [arXiv:hep-ph/9709356].
[2] J. A. Casas, J. R. Espinosa, M. Quiros and A. Riotto, Nucl. Phys. B 436, 3 (1995)
[Erratum-ibid. B 439, 466 (1995)] [arXiv:hep-ph/9407389].
[3] M. Carena, J. Espinosa, M. Quiro´s and C. Wagner, Phys. Lett. B 355 (1995) 209,
[arXiv:hep-ph/9504316];
M. Carena, M. Quiro´s and C. Wagner, Nucl. Phys. B 461 (1996) 407, [arXiv:hep-
ph/9508343].
[4] H. Haber, R. Hempfling and A. Hoang, Z. Phys. C 75 (1997) 539, [arXiv:hep-
ph/9609331].
[5] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C
28, 133 (2003) [arXiv:hep-ph/0212020].
[6] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).
A. G. Cohen, D. B. Kaplan and A. E. Nelson, Nucl. Phys. B 349, 727 (1991).
M. Joyce, T. Prokopec and N. Turok, Phys. Lett. B 339, 312 (1994).
M. Quiros, Acta Phys. Polon. B 38, 3661 (2007).
V. A. Rubakov and M. E. Shaposhnikov, Usp. Fiz. Nauk 166, 493 (1996) [Phys. Usp.
39, 461 (1996)] [arXiv:hep-ph/9603208].
M. S. Carena and C. E. M. Wagner, [arXiv:hep-ph/9704347].
A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci. 49, 35 (1999) [arXiv:hep-
ph/9901362].
[7] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Nucl. Phys. B
466 (1996) 189 [arXiv:hep-lat/9510020].
[8] M. S. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 524, 3 (1998)
[arXiv:hep-ph/9710401].
[9] M. Carena, G. Nardini, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 812, 243
(2009) [arXiv:0809.3760 [hep-ph]].
[10] U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496, 1 (2010)
[arXiv:0910.1785 [hep-ph]].
[11] R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J. C 56, 333 (2008)
[arXiv:0804.2741 [astro-ph]].
[12] C. E. Aalseth et al. [CoGeNT collaboration], Phys. Rev. Lett. 106, 131301 (2011)
[arXiv:1002.4703 [astro-ph.CO]].
[13] D. Hooper, J. I. Collar, J. Hall, D. McKinsey and C. Kelso, Phys. Rev. D 82, 123509
(2010) [arXiv:1007.1005 [hep-ph]].
24
[14] Antonella Incicchitti, for the DAMA/LIBRA collaboration, Talk presented at the
TAUP 2011 conference, http://taup2011.mpp.mpg.de/?pg=Agenda, September 6,
2011.
[15] J. Collar, for the CoGENT collaboration, Talk presented at the TAUP 2011 confer-
ence, http://taup2011.mpp.mpg.de/?pg=Agenda, September 6, 2011.
[16] Federica Petricca, for the CRESST collaboration, Talk presented at the TAUP 2011
conference, http://taup2011.mpp.mpg.de/?pg=Agenda, September 6, 2011
[17] E. Kuflik, A. Pierce and K. M. Zurek, Phys. Rev. D 81, 111701 (2010)
[arXiv:1003.0682 [hep-ph]].
[18] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 81, 117701 (2010) [arXiv:1003.0437
[hep-ph]].
E. Kuflik, A. Pierce and K. M. Zurek, Phys. Rev. D 81, 111701 (2010)
[arXiv:1003.0682 [hep-ph]].
K. J. Bae, H. D. Kim and S. Shin, Phys. Rev. D 82, 115014 (2010) [arXiv:1005.5131
[hep-ph]].
J. Cao, K. i. Hikasa, W. Wang, J. M. Yang and L. X. Yu, JHEP 1007, 044 (2010)
[arXiv:1005.0761 [hep-ph]].
D. Das and U. Ellwanger, JHEP 1009, 085 (2010) [arXiv:1007.1151 [hep-ph]].
[19] D. A. Vasquez, G. Belanger, C. Boehm, A. Pukhov, J. Silk, Phys. Rev. D82, 115027
(2010). [arXiv:1009.4380 [hep-ph]].
[20] A. V. Belikov, J. F. Gunion, D. Hooper and T. M. P. Tait, arXiv:1009.0549 [hep-ph].
[21] J. F. Gunion et al., [arXiv:1009.2555 [hep-ph]].
[22] D. T. Cumberbatch, D. E. Lopez-Fogliani, L. Roszkowski, R. R. de Austri and
Y. L. Tsai, [arXiv:1107.1604 [astro-ph.CO]].
[23] P. Ciafaloni and A. Pomarol, Phys. Lett. B 404, 83 (1997) [arXiv:hep-ph/9702410].
D. J. . Miller, S. Moretti and R. Nevzorov, [arXiv:hep-ph/0501139].
[24] P. Draper, T. Liu, C. E. M. Wagner, L. T. M. Wang and H. Zhang, Phys. Rev. Lett.
106, 121805 (2011) [arXiv:1009.3963 [hep-ph]].
[25] M. S. Carena, M. Quiros, A. Riotto, I. Vilja and C. E. M. Wagner, Nucl. Phys. B
503, 387 (1997) [arXiv:hep-ph/9702409].
[26] J. M. Cline, M. Joyce and K. Kainulainen, Phys. Lett. B 417, 79 (1998) [Erratum-
ibid. B 448, 321 (1999)] [arXiv:hep-ph/9708393].
[27] T. Multamaki and I. Vilja, Phys. Lett. B 411, 301 (1997) [arXiv:hep-ph/9705469].
[28] A. Riotto, Int. J. Mod. Phys. D7, 815-823 (1998). [arXiv:hep-ph/9709286].
25
[29] M. P. Worah, Phys. Rev. D56, 2010-2018 (1997). [arXiv:hep-ph/9702423].
[30] D. Bodeker, P. John, M. Laine, M. G. Schmidt, Nucl. Phys. B497, 387-414 (1997).
[arXiv:hep-ph/9612364].
[31] J. M. Cline and K. Kainulainen, Phys. Rev. Lett. 85, 5519 (2000) [arXiv:hep-
ph/0002272];
J. M. Cline, M. Joyce and K. Kainulainen, JHEP 0007, 018 (2000) [arXiv:hep-
ph/0006119].
[32] M. S. Carena, J. M. Moreno, M. Quiros, M. Seco and C. E. M. Wagner, Nucl. Phys.
B 599, 158 (2001) [arXiv:hep-ph/0011055];
[33] M. S. Carena, M. Quiros, M. Seco and C. E. M. Wagner, Nucl. Phys. B 650, 24
(2003) [arXiv:hep-ph/0208043].
[34] T. Konstandin, T. Prokopec, M. G. Schmidt and M. Seco, Nucl. Phys. B 738, 1
(2006) [arXiv:hep-ph/0505103].
[35] V. Cirigliano, S. Profumo and M. J. Ramsey-Musolf, JHEP 0607, 002 (2006)
[arXiv:hep-ph/0603246].
[36] S. J. Huber, T. Konstandin, T. Prokopec and M. G. Schmidt, Nucl. Phys. B 757,
172 (2006) [arXiv:hep-ph/0606298].
[37] M. Pietroni, Nucl. Phys. B 402, 27 (1993) [arXiv:hep-ph/9207227].
[38] A. T. Davies, C. D. Froggatt and R. G. Moorhouse, Phys. Lett. B 372, 88 (1996)
[arXiv:hep-ph/9603388].
[39] S. J. Huber and M. G. Schmidt, Nucl. Phys. B 606, 183 (2001) [arXiv:hep-
ph/0003122].
[40] J. Kang, P. Langacker, T. j. Li and T. Liu, [arXiv:hep-ph/0402086].
[41] A. Menon, D. E. Morrissey, C. E. M. Wagner, Phys. Rev. D70, 035005 (2004).
[arXiv:hep-ph/0404184].
[42] P. Kumar, E. Ponton, [arXiv:1107.1719 [hep-ph]].
[43] S. J. Huber, T. Konstandin, T. Prokopec, M. G. Schmidt, Nucl. Phys. A785, 206-209
(2007). [arXiv:hep-ph/0608017].
[44] S. Profumo, M. J. Ramsey-Musolf and G. Shaughnessy, JHEP 0708, 010 (2007)
[arXiv:0705.2425 [hep-ph]].
[45] B. A. Dobrescu, G. L. Landsberg and K. T. Matchev, Phys. Rev. D 63, 075003 (2001)
[arXiv:hep-ph/0005308].
[46] R. Dermisek and J. F. Gunion, Phys. Rev. Lett. 95, 041801 (2005) [arXiv:hep-
ph/0502105].
26
[47] L. Dolan and R. Jackiw, Phys. Rev. D 9, 3320 (1974).
[48] A. D. Linde, Nucl. Phys. B 216, 421 (1983) [Erratum-ibid. B 223, 544 (1983)].
[49] G. W. Anderson and L. J. Hall, Phys. Rev. D 45, 2685 (1992).
[50] A. H. Guth and S. H. H. Tye, Phys. Rev. Lett. 44, 631 (1980) [Erratum-ibid. 44,
963 (1980)].
A. H. Guth and E. J. Weinberg, Phys. Rev. D 23, 876 (1981).
S. J. Huber and T. Konstandin, JCAP 0805, 017 (2008) [arXiv:0709.2091 [hep-ph]].
[51] A. De Simone, G. Nardini, M. Quiros and A. Riotto, [arXiv:1107.4317 [hep-ph]].
[52] P. Bechtle [LEP Collaboration], Eur. Phys. J. C 33, S723 (2004) [arXiv:hep-
ex/0401007].
[53] S. Schael et al. [ALEPH Collaboration and DELPHI Collaboration and L3 Collabo-
ration and ], Eur. Phys. J. C 47, 547 (2006) [arXiv:hep-ex/0602042].
S. Schael et al. [ALEPH Collaboration], JHEP 1005, 049 (2010) [arXiv:1003.0705
[hep-ex]].
[54] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 103, 061801 (2009)
[arXiv:0905.3381 [hep-ex]].
[55] T. Liu, Talk given at SUSY 2011 Conference at Fermilab, September 1, 2011,
https://indico.fnal.gov/conferenceDisplay.py?confId=3563
[56] S. Chang and N. Weiner, JHEP 0805, 074 (2008) [arXiv:0710.4591 [hep-ph]].
[57] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH Collab-
oration and and], Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex/0306033].
[58] U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0502, 066 (2005) [arXiv:hep-
ph/0406215].
[59] O. Adriani et al. [PAMELA Collaboration], Phys. Rev. Lett. 105, 121101 (2010)
[arXiv:1007.0821 [astro-ph.HE]].
M. Ackermann et al. [Fermi LAT Collaboration], Phys. Rev. D 82, 092004 (2010)
[arXiv:1008.3999 [astro-ph.HE]].
J. Lavalle, Phys. Rev. D 82, 081302 (2010) [arXiv:1007.5253 [astro-ph.HE]].
27
